Introduction
Energy and the environment have become two significant research areas in recent decades, and the use of different kinds of low-grade industrial heat is playing an increasingly more important role in recent studies [1] .
Centralized heating systems also play a more important role in heating areas in that they are systems that allow for higher energy efficiency and lower air pollution than interurban heating [2] .
An efficient and available way to increase energy efficiency and heating capacity of current heating pipes is the decreasing the temperature of primary pipe back water.
However, the backwater temperature of primary pipes could not be lower than that of the secondary pipe due to the necessary temperature difference. Meanwhile, absorption heat pumps are used at the thermal substation, which could make the working case temperature in the ranges of 120-30 o C for the primary pipe and 45-60 o C for the secondary pipe [3] . However, the backwater temperature of the primary pipe could only be decreased to a limited level by adopting an absorption heat pump. A heating network with a direct connection is quite difficult to operate and is not suitable for the large heating area. Furthermore, it is quite difficult to build new heating systems for a built city when considering required space for heating sources, required space and high cost for heating pipes, environmental protection and so on. In this paper, due to its high performance, a compression heat pump is selected to significantly decrease the backwater temperature of the primary pipe, which is aimed to directly recover different kinds of industrial waste heat. However, the electrical consumption of this heat pump is large and it is expensive to operate. Meanwhile, electricity prices vary in most Chinese cities, and the price during the day may be more than three times greater than that at night in some cities. Therefore, a thermal storage tank is adopted in this system to reduce the electricity consumption of the compression heat pump.
Many efforts have been made for the installation of thermal energy storage (TES) tanks for district heating. The intermittent heat production characteristic from industrial excess heat, solar energy, and heat pumps justifies the implementation of TES in district heating systems. The TES can be divided into the two types: diurnal heat storage and seasonal storage [4] .
The TES systems and combined heating and power (CHP) plants can balance energy demands and stabilize the electricity grid [5] . Expanded TES systems at a CHP plant allow for the highly flexible generation of electricity for increasing revenues and reducing the fuel consumption of peak load boilers [6] . The CHP with short-term sensible storage tanks in Sweden and Denmark enable plants to be designed smaller and to run at full capacity [7] . A comparison of a solar collector plant equipped with TES is discussed and is proved to be feasible, but considerable improvements need to be completed with respect to insulation [8] .
A thermal substation system, as shown in fig. 1 . This system significantly decreases the back water temperature of the primary pipe, increases the heating capacity of current heating pipe and decreases the heating cost by recovering different kinds of low-grade industrial waste heat.
To reduce the electrical consumption of this system, a thermal energy storage tank is employed, as shown in fig. 1 . The electrical heat pump is powered on at night and hot water is cooled by the AHP, which is then cooled again with hot water storage in TES by the EHP. Meanwhile, the cooled water is divided into the two parts: one part is stored in the TES from the bottom and the other part enters into the primary pipe. The EHP is powered off during the day, and cold-water storage in the TES enters into the primary pipe, which maintains the low of backwater temperature of the primary pipe. Meanwhile, the TES is filled with the hot water from the AHP. Therefore, the TES could reduce the electrical consumption of this system by the price difference advantage of electricity during the day vs. at night, and the low return water temperature of the primary pipe could be continually maintained. This research is focused on this TES, whose temperature difference is typically greater than 25 o C. However, TES is often adopted for chilled water and solar energy storage. The most effective technology for chilled water storage, both economically and thermodynamically, is a naturally stratified tank. Stratified tanks are always specified in virtually new installations [9] .
To sufficiently store and use high-quality heat energy, thermal stratification is gradually applied in many kinds of energy storage fields such as solar thermal utilization systems [10] .
Experimental system of the TES tank
The temperature difference of TES is often less than 10 o C when adopted for chilled water storage [10] . To investigate the heat transfer characteristic of TES with a large temperature difference, an experimental system with a TES tank is built and tested, as shown in fig. 2 . The ratio of height to diameter could affect the temperature profile of the TES tank directly, and the ratio of the thickness of mixing layer in the overall height is reduced with a thin long tank. However, the pressure in the bottom of the tank is increased, which requires a thick tank wall for high bearing pressure. A TES tank 4 m in diameter and 7 m high is used considering the space of thermal substation. 
Mathematical models for TES tanks
There are some presented mathematical models for TES tanks. A review of the thermal stratification within the water tank is given. The relevant research methods are listed, and some stratification tank experiments are also compared [10] . A CFD method is adopted to determine the thermal stratification mechanism of the storage tank. The results show that the ideal type-plug flow model could be used as a possible tool for simulation with good stratification [11] . The influence of the inlet mass-flow rate on the degree of thermal stratification is analysed by CFD simulation, and the verification of solutions and post-processing tasks are calculated in order to quantify the level of thermal stratification [12] . A simple finite difference computer code is given with the flow governing conservation equations, and the results show that the effect of inlet geometry is weak for Richardson numbers above 10 [13] . A 2-D model is simplified for the pure conduction case, which emphasizes the key role of temperature profile conduction [14] .
An experimental investigation is given for the chilled water storage system. The height and diameter of the tank are 1850 mm and 850 mm, respectively. Temperatures of hot water and chilled water are 17 o C and 4 o C, respectively. Thermal efficiency up to 90% could be achieved [15] . Several models are compared considering internal natural and mixed convection [16] .
A 1-D model is used in TRNSYS to predict the temperature profile inside a stratified tank with multiple heat exchangers and compared the model with experimental results. The 1-D model includes the effects of mass transfer within the tank as well as mass-flow into and out of the tank, thermal de-stratification and heat loss to the ambient [17] . The model was used to validate the simplified model, who found that using 10 nodes is adequate to accurately predict transient energy storage capacity (with less than 2% error) [18] .
The 1-D model does not capture the radial temperature gradient. However, experimental results from another study that considered a stratified tank with stored water-flow into and out of tank showed relatively negligible temperature variation in the radial direction [19] .
This study is aimed at improving the 1-D model of a TES tank to analyse the turbulence effect on the temperature profile with a water distributor and a 1-D model with disturbance factor is presented. The hydrodynamic effect at the TES tank inlet is considered as exponential decay with time.
Based on the conduction equation, the heat storage process could be described:
where T a is the environmental temperature, which is kept as 5 o C in the simulation. Water vibration is considered as simple harmonic vibration in this model. Fluctuation velocity is the exponential decay with time. Furthermore, the initial amplitude varies with the Reynolds number directly. Fluctuation caused by temperature difference also varies with the Richardson number directly. Therefore, fluctuation velocity could be described:
where c 0 is effected by the water diffuser structure, τ 0 is related to the fluid characteristic, ν p could be described, with the distance away from inlet as L at time t:
Therefore, the heat storage process is:
This differential equation is solved by the implicit difference method:
The following equations are relevant at the top of TES tank:
Meanwhile, the following equations are relevant at the bottom of the TE tank: 
To obtain c 0 and τ 0 in the disturbance factor, the multi-parameter fitting method is adopted here. These two parameters are fitted based on the experimental results of the heat releasing process.
This model is solved with the implicit iteration algorithms, and 700 meshes in the vertical direction with equal intervals divide the TES tank. The iteration precision is 1/700 in the calculation and the time step is 10 seconds in the simulation. The water distributor is just immersed at the top and bottom of the TES tank, thus, there is an initial mixed-layer at the top (heat storing) or at the bottom (heat releasing), where hot water is mixed with cold water directly. Therefore, the initial temperature of the 50 meshes at the top (heat storing) or at the bottom (heat releasing) is the average temperature of the hot water and cold water when considering the thickness of the water distributor. Simulations with and without a disturbance factor are compared to estimate this improved model. Simulation results show better agreement with experiments when considering this disturbance factor. Comparisons without disturbance for heat releasing and heat storing are given in figs. 3 and 4, respectively.
Meanwhile, comparisons with disturbance for heat releasing and heat storing are given in figs. 5 and 6. The disturbance process exists when the hot water or cold water enters the TES tank with a water distributor. This disturbance could obviously affect the development of the temperature profile. Disturbance, conduction, and convection are all considered in this 1-D model, which are necessary key factors for simulation of the temperature profile.
Better agreement between the simulation and experiments is found when applying the disturbance factor. However, there is a significant decrease in the temperature slope between 25 o C and 30 o C, which does not exist in the simulation. Therefore, the mathematical model should be improved with the actual physical model. The water distributor is just immersed at the top and bottom of TES tank as shown in fig. 2 , and the hot water and cold water is mixed directly near the water distributor at the beginning of heat storing or heat releasing process. However, this is not considered in the mathematical model, which is the reason why a significant temperature drop exists. Therefore, the initial temperature of 50 meshes at the top (heat storing) or bottom (heat releasing) is given as the average temperature of hot water and cold water, which could be equal to the thickness of the water distributor. An obvious improvement is found when comparing the simulation and experiment when considering this initial mixed layer, which is shown in fig. 2 . The comparison of the simulation and experiment in terms of the initial mixed-layer is shown in fig. 7 , and the initial mixed-layer could explain why a significant temperature drop exists. Furthermore, this temperature drop decreases with time during the experiment, which is also reflected in the simulation.
Better compatibility is found when comparing the simulation and experimental heat storing process, which is shown in fig. 8 . This process is reasonable for improving the mathematical model when adding the initial mixed layer.
Simulation analysis
It is found that simulation results show good agreement with experiments when considering the turbulence factor. Therefore, different cases are analysed with this model, which could be applied for TES design.
Fluctuation increases when the temperature difference is larger. Thermocline thickness is often defined as the percent of effective thermocline thickness in the overall temperature difference between inlet and outlet temperatures, which is 80% here. It is found that thermocline thickness is roughly twice as high at o C than at 10-20 o C, as shown in fig. 9 . Similar phenomena could also be found with other temperature differences. The thermocline thickness increases mainly due to heat conduction over time. Meanwhile, the turbulence influence weakens at the same time, as shown in fig. 10 . The Reynolds number increases when enlarging the water-flow rate. Therefore, thermocline thickness is larger at the beginning. The velocity of the increased thermocline thickness is similar due to the same temperature difference, as shown in fig. 11 .
A key parameter in a TES tank is the ratio of height to diameter. Thermocline thickness is reduced with low-temperature differences. Therefore, TES tanks for chilled water storage are often designed with a low height to diameter ratio (<1), which is aimed to reduce material consumption by reducing the pressure of the bottom. However, this ratio is not suitable for tanks with large temperature differences for higher energy storage efficiency. Using the ratio of thermocline to total height, tanks of different sizes with the same volume are compared. It is found that this value increases when the ratio of height to diameter increases. The recommended ratio is 1:2 when considering both the pressure bearing of the tank and the energy storage efficiency, as shown in fig. 12 .
Conclusion
An improved model for TES tanks with a large temperature difference including a turbulence factor is given. This factor could reflect the influence of the mixture of hot and cold water with time. Simulation results show good agreement with experimental results when considering the fluctuation influence. Fluctuation increases when the temperature difference increases. Thermocline thickness increases when the Reynolds number increases. The height to diameter ratio is often less than one when adopted for cold-water storage due to the small temperature difference. However, energy storage efficiency is reduced significantly for a TES tank with a large temperature difference with this ratio. Therefore, 1:2 is the ratio recommended for large temperature differences (>25 o C).
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